Within human biology, combinations of regioisomeric motifs of α2,6-or α2,3-sialic acids linked to galactose are frequently observed attached to glycoconjugates. These include glycoproteins and glycolipids, with each linkage carrying distinct biological information and function. Microbial linkage-specific sialidases have become important tools for studying the role of these sialosides in complex biological settings, as well as being used as biocatalysts for glycoengineering. However, currently, there is no α2,6-specific sialidase available. This gap has been addressed herein by exploiting the ability of a Photobacterium sp. α2,6-sialyltransferase to catalyze trans-sialidation reversibly and in a highly linkage-specific manner, acting as a pseudosialidase in the presence of cytidine monophosphate. Selective, near quantitative removal of α2,6-linked sialic acids was achieved from a wide range of sialosides including small molecules conjugates, simple glycan, glycopeptide and finally complex glycoprotein including both linkages.
Introduction
Structure-function studies of glycans rely on the elucidation of their structure and on the isolation of sufficient amounts of pure well-defined material (Wang and Amin 2014; Dosekova et al. 2017) . Structural analysis can be addressed using the enzymes responsible for glycan biosynthesis. These enzymes fall into two broad categories: glycosyltransferases and trans-glycosidases which are responsible for the formation of specific glycosidic linkages from certain activated glycosides (Wang 2008; Rich and Withers 2009; Chen and Varki 2010; Schmaltz et al. 2011; Wang and Lomino 2012; Šardzík et al. 2012) , and glycosidases that hydrolyze particular glycosidic linkages (Bojarova and Kren 2011) . All of these enzymes currently characterized are highly stereoselective for formation and cleavage of α-or β-glycosidic bond, but the glycosyltransferases tend to show higher regioselectivities in glycan bond formation (Schedin-Weiss et al. 2014; Paleček et al. 2015; Paschinger and Wilson 2016; Wilson and Paschinger 2016; Stanton et al. 2017) .
Over the years a number of elegant studies have highlighted the reversibility of many reactions involving glycosidic bonds and in particular glycosidases have been used "in reverse" for synthesis of glycosidic linkages (Vic et al. 1996; Hancock et al. 2005; Bojarova and Kren 2011; Lu et al. 2015) . Similarly, reactions catalyzed by inverting glycosyltransferases have been shown to be reversible (including GT80, GT52 and GT42 family sialyltransferases) (Zhang et al. 2006; Lairson et al. 2007; Cheng et al. 2010; Lombard et al. 2014; Mehr and Withers 2016) , although there are no examples of applying them as highly selective exo-sialidases.
Sialyltransferases are of particular interest because their substrates (e.g., N-acetylneuraminic acid, Neu5Ac; a sialic acid) are important building blocks of animal glycomes. Sialic acid moieties are abundant in the gangliosides of neural membranes in the brain (Freeze et al. 2015) and in many glycoproteins, as well as bacteria of the microbiota of higher animals (Varki and Varki 2007) . Sialylation is a terminal/capping modification of the nonreducing ends or branches of glycans, with a particularly common motif being sialyl-galactoside either in α2,3-or α2,6-glycosidic linkage (Varki and Varki 2007) . Sialyltransferases are inverting enzymes using cytidine-5′-monophospho-β-Neu5Ac (CMP-Neu5Ac) as donor substrate. Several members of the sialyltransferase family display promiscuous CMP-Neu5Ac hydrolytic activity (Sugiarto et al. 2012; Schmölzer et al. 2014; Mehr and Withers 2016; Schmölzer et al. 2017) . The only other enzyme reported to hydrolyze CMP-Neu5Ac is CMP-N-acylneuraminate phosphodiesterase (Kean and Bighouse 1974; Muilerman et al. 1984; van Dijk et al. 1985) .
Sialic acids are involved in a wide range of biological processes, ranging from cancer to microbial infections (Borsig et al. 2002; Hedlund et al. 2008; Kato and Ishiwa 2015; Lubin et al. 2015; Stowell et al. 2015) . Endothelial cells activated by inflammatory cytokines, such as tumor necrosis factor-α and interleukin-1, exhibit increased expression of α2,6-sialyltransferase which in turn correlates to increased α2,6-sialylation of glycoproteins and cell adhesion molecules as well as enhanced CD22β lectin binding (Powell et al. 1993; Hanasaki et al. 1994; van Rossenberg et al. 2001) . Human influenza viruses preferentially bind α2,6-linked sialic acid, while great apes with α2,3-linked sialic acid decorated airway epithelial cells appears resistant to human viruses, swine viruses bind both α2,6-and α2,3-linked sialic acid, while avian and equine viruses display higher affinity toward α2,3-linked sialic acid (Connor et al. 1994; Ito et al. 1998; Gagneux et al. 2003; Bateman et al. 2010; Wilks et al. 2012; Wang et al. 2013) . O-glycans, which are not subject of this study, also contain sialylated structures with both above mentioned linkages, most notably sialyl-Tn Neu5Ac-α2,6-GalNAc, sialyl-T Neu5Ac-α2,3-Gal-β1,3-GalNAc, di-sialyl-core1 Neu5Ac-α2,6(Neu5Ac-α2,3-Gal-β1,3)-GalNAc and core2 derived Neu5Ac-α2,3-Gal-β1,4-GlcNAc-β1,6(Neu5Ac-α2,3-Gal-β1,3)-GalNAc (Spiro and Bhoyroo 1974; Ishii-Karakasa et al. 1997; Karlsson and Packer 2002; Hanisch 2011; Brockhausen et al. 2015) . The great diversity, complexity and heterogeneity of sialosides represent a serious challenge in the identification of glycan structures and their function (Varki and Varki 2007) , and consequently sialidases have become important tools for the analysis of sialo-glycoconjugates. Sialidases are highly selective for the α-sialyl linkage, but show reduced specificity for regioisomeric structures, and with one know exception (Corfield et al. 1983 ) preferentially hydrolyze α2,3-linkages over α2,6-linkages (Figure 1 , top; Figure S2 ) (Varki and Schauer 2009) . The most commonly used sialidase to assess α2,3-linkages is NanB from Streptococcus pneumoniae, which produces 2,7-anhydro-Neu5Ac from α2,3-sialosides (Gut et al. 2008; Xu et al. 2011) . Hence, an enzyme with a broad substrate scope able to selectively desialylate α2,6-linked Neu5Ac in native glycoproteins, is currently missing in the glycomics toolbox.
Herein we discuss the exploitation of a α2,6-sialyltransferase as a pseudosialidase that specifically removes α2,6-linked Neu5Ac by promoting the reverse reaction through addition of excess cytidine monophosphate (CMP). Loss of Neu5Ac was shown by various chromatographic techniques, NMR, mass spectrometry and ion mobility spectrometry for a wide range of sialosides including small molecules conjugates, simple glycans, glycopeptides and finally glycoproteins. This pseudosialidase was highly specific for α2,6-linked Neu5Ac compared to the other commonly occurring regioisomer α2,3-linked Neu5Ac, for which selective sialidases are already available.
Results

Pseudosialidase activity towards simple sialosides
The GT80 family α2,6-sialyltransferases from Photobacterium damsela (Cheng et al. 2010) and Photobacterium sp. JT-ISH-224 (Tsukamoto et al. 2008) were heterologously expressed in E. coli and their expression and activity compared to three putative sialyltransferases from Neisseria gonorrhoae (GT52), Enterobacteriaceae bacterium FGI 57 (GT52) and Campylobacter insulaenigrae (GT42) (Section S2.1.). The GT52 members exhibited α2,6-sialyltransferase activity as well as α2,6-pseudosialidase activity, but their bacterial expression was poor, which led us to explore more suitable candidates. The enzyme from C. insulaenigrae (a GT42 member) was confirmed to be an α2,3-sialyltransferase and also exhibited α2,3-pseudosialidase activity. These results are in agreement with Thorson and co-workers' hypothesis of the reversible nature of inverting glycosyltransferases' activity (Zhang et al. 2006) .
The pseudosialidase activity of Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase provided the most promising results. The enzyme was tested against an equimolar mixture (0.25 mM each) of sialosides 1 and 2 (Figure 1 ) (Huang et al. 2015) in the presence of excess CMP with samples being taken after 1, 2, 4 and 6 h. Analysis by reversephase high-performance liquid chromatography (RP HPLC) showed hydrolysis of the α2,6-isomer 1 to 3 at ∼95% after 6 h. The pseudosialidase activity toward α2,3-isomer 2 in the mixture was below the detection limit. A sample of pure α2,3-isomer 2 under the same reaction conditions showed very small amounts of hydrolysis (1.5%; Figure S4 ).
Measurement of kinetics parameters for hydrolysis of sialoside 1 ( Figure S5 ; Section S3.2.) showed K m to be 4.9 ± 0.4 mM, k cat = 10 ± 1 min -1 and k cat /K m = 2 ± 0.4 mM Previous work on trans-sialidase activity of GT80 family sialyltransferases suggests formation of cytidine-5′-monophospho-N-acetylneuraminic acid (CMP-Neu5Ac) (Mehr and Withers 2016) . To confirm this, 13 C labeled α2,6-sialyllactose (Neu5Ac labeled at C 1, 2 and 3) was synthesized and used as a substrate, which allowed us to track the fate of Neu5Ac by 13 C nuclear magnetic resonance (NMR) spectroscopy (Section S3.3.) and mass spectrometry (MS). Interestingly, a decrease in the α2,6-sialyllactose signal and corresponding increase in free Neu5Ac were observed, while no CMPNeu5Ac intermediate was detected (Figures S6 and S7) , suggesting very fast further hydrolysis of CMP-Neu5Ac by the enzyme under the reaction conditions. However, under the tested reaction conditions no sialidase activity was detected in the absence of CMP.
Pseudosialidase activity towards egg yolk peptido-Nglycan
Next, the activity of the α2,6-pseudosialidase towards the α2,6-disialylated bi-antennary peptido-N-glycan (A2-peptide isolated from egg yolk; kindly provided by Ludger; Figure 2 , top) was assessed using hydrophilic interaction liquid chromatography-ultra performance liquid chromatography (HILIC-UPLC) coupled with MS (Campbell et al. 2008; Bones et al. 2010) . Figure 2 shows that the enzyme does not discriminate between the two antennae (partial hydrolysis generates near equimolar peaks of both mono-sialylated isomers, bottom trace) and desialylation can be pushed to completion ( Figure S8 , bottom trace). The MS profile of each peak is represented in the Supporting Information (Figures S9-S11; Table SI ).
Pseudosialidase activity towards fetuin
Finally, the α2,6-pseudosialidase was tested against a complex mixture of glycans on an intact native protein, with commercially available bovine fetuin as a model substrate which contains both N-and O-linked glycans (Spiro and Bhoyroo 1974; Ishii-Karakasa et al. 1997; Karlsson and Packer 2002; Hanisch 2011) . The N-glycosylation profile of fetuin (which contains three potential N-glycosylation sites) had been analyzed previously to contain a number of bi-and tri-antennary structures with both α2,3-and α2,6-linked terminal Neu5Ac moieties ranging from mono-to tri-sialylated structures ( Figure 3A ; Figures S13-S15; Table SII) (Green et al. 1988) . Untreated fetuin, fetuin treated with NanB (an α2,3-sialidase) and fetuin treated with nonspecific sialidase NanH served as controls. HILIC-UPLC-MS analysis suggested that the majority of α2,6-linked Neu5Ac had been removed from the glycans of bovine fetuin by the pseudosialidase ( Figure 3B ; Figures S16-18; Table SIII ). Compared to the previous α2,6-disialylated bi-antennary peptido-N-glycan the fetuin sample contained bi-antennary structures with di-α2,6-Neu5Ac, di-α2,3-Neu5Ac, and mixed α2,6-/α2,3-Neu5Ac based on retention times and corresponding m/z values. Upon α2,6-pseudosialidase treatment of fetuin the di-α2,3-Neu5Ac glycan is unchanged, while peaks representing di-α2,6-Neu5Ac and mixed α2,6-/α2,3-Neu5Ac glycans disappear from the chromatogram and new peaks corresponding to their α2,6-desialylated equivalents emerge. Similar patterns are observed for tri-antennary structures. Treatment of fetuin with NanB did not lead to complete removal of α2,3-linked Neu5Ac ( Figure 3C ; Figures S19-S22; Table SIV ). Treatment of fetuin with unspecific sialidase also did not proceed to completion ( Figure 3D ; Figures S23 and S24; Table SV) ) on one of the antennae. The tri-antennary structure containing β1,3-linked galactose on the "middle" arm is not an unusual structure. It has long be known that in bovine fetuin this galactose is solely α2,3-sialylated while the GlcNAc to which it is attached is α2,6-sialylated (Green et al. 1988 ). This suggests that the unspecific NanH is able to efficiently cleave both linkages.
In order to confirm that desialylation was generally α2,6-specific, ion mobility (IM) MS was performed on selected samples (Section S3.6.). IM-MS is an emerging method for the discrimination of isomeric structures and glycan sequencing (Both et al. 2014; Hofmann et al. 2015; Gray et al. 2017 ). IM-MS 2 had previously been reported to be capable of easily and rapidly discerning Neu5Ac-α2,3/6-Gal-GlcNAc terminating glycans based on the differing mobilities of the terminal B 3 -product ion (m/z 657) generated by collision-induced dissociation (detailed description in the SI) (Hofmann et al. 2014; Hinnenburg et al. 2016) . Initially, the entire sample pool was analyzed (i.e., no quadrupole isolation of a specific m/z), so the fragments represent the global glycan composition (Figure 4) . The α2,6-disialylated bi-antennary peptido-N-glycan (A2) gave rise to a B 3 fragment with a collision cross section (CCS) of 235 Å 2 in close agreement with the values previously recorded by Kolarich and co-workers ( Figure 4A ) (Hinnenburg et al. 2016) . In comparison, fetuin produced isomeric fragments corresponding to α2,6-and α2,3-Neu5Ac terminating B 3 -product ions whose CCS were 235 and 246 Å 2 respectively ( Figure 4B ). Treatment with the pseudosialidase resulted in a significant reduction of the α2,6-Neu5Ac signal or was abolished for the α2,6-disialylated biantennary peptido-N-glycan (A2) ( Figure 4C ). Treatment of fetuin with the α2,3-specific sialidase NanB, resulted in the opposite spectrum, where almost no α2,3-Neu5Ac signal was observed ( Figure 4D ). Treatment with Salmonella typhimurium LT2 nonspecific sialidase (NanH) (Minami et al. 2013 ) also resulted in the m/z 657 peak being below detection level (data not shown).
Similar trends were also observed for quadrupole selected glycoforms, where after treatment with the pseudosialidase glycoforms were observed to be enriched for α2,3-Neu5Ac terminating glycans or if no α2,3-Neu5Ac glycoforms were present, their signal was abolished ( Figures S30-S34) .
Likewise, treatment of fetuin with NanB resulted in enrichment of α2,6-Neu5Ac glycoforms and a much greater number of desialylated species were observed within the mass spectrum compared to the control ( Figures S30, S32, S33 and S35 ). See SI Section 3.6.1. for more detail. In addition to MS-based analysis protein samples were analyzed by protein gel electrophoresis under denaturing conditions and Western blots using SNA I lectin from elderberry bark, and MAL I lectin from Maackia amurensis ( Figure S36 ) (Cummings et al. 2015) . The results of these experiments were in agreement with data obtained from the HILIC-UPLC profiles of the samples (Figure 3 ; Section S3.7. for more detail).
Discussion
Our ultimate goal was to find a sialyltranferase which would work as an efficient α2,6-specific pseudosialidase with linkage discrimination comparable to that of the widely used S. pneumoniae NanB which exhibits very high preference towards α2,3-linkage (Gut et al. 2008; Xu et al. 2011) . It was also important to have an enzyme capable to work on a wide range of sialosides with particular accent on complex N-glycans present on glycoproteins. The screening conditions (pH close to neutral) were set to be compatible with a wide range of native glycoproteins and potential β-galactosidase treatment. In order to prevent trans-sialylation, which is suggested to occur via CMP-Neu5Ac formation by GT80 sialyltransferases (Mehr and Withers 2016) , we opted for the use of excess CMP.
First, we demonstrated that the enzyme is highly α2,6-linkage specific towards an equimolar mixture of simple sialyl-galactosides with a β-linked UV active tag on their reducing ends differing only in the sialyl linkage. We also demonstrated that presence of CMP is essential for significant activity (near zero activity in the absence of CMP). A later time course experiment using 13 C labeled sialyllactose however showed that only free CMP and Neu5Ac but no CMP-Neu5Ac is observed what can be a result of rapid CMP-Neu5Ac hydrolysis. This suggests that lower concentrations of CMP may also be used for successful desialylation.
Next we were interested whether Neu5Ac is removed from a well-defined complex N-glycan. Complete desialylation of egg yolk di-α2,6-Neu5Ac bearing bi-antennary peptido-N-glycan was achieved after 16 h. It was also demonstrated that the enzyme does not discriminate between the two branches, since after 4 h almost equivalent amounts of semi-desialylated structures were present. We unfortunately did not have access to a di-α2,3-Neu5Ac bearing biantennary structure, but results of pseudosialidase treatment of fetuin (N-glycans) suggest that the linkage specificity seen towards simple sialosides translates to complex structures too.
In order to demonstrate that this activity can be efficiently used to specifically remove α2,6-linked Neu5Ac from a mixture of complex N-glycans on native glycoproteins with both α2,3-and α2,6-linkages present we decided to use fetal calf fetuin. This well studied glycoprotein contains three potential N-glycosylation sites and is known to harbor a broad spectrum of silalylated bi-and triantennary structures with mixed α2,3-and α2,6-sialosides within one N-glycan (Green et al. 1988) .
Fetuin glycans both from treated and untreated samples were released and labeled using Waters' GlycoWorks RapiFluor-MS N-Glycan Kit and subject to HILIC-UPLC MS (Campbell et al. 2008; Bones et al. 2010 ) and IM MS. HILIC UPLC spectra showed a clear shift of α2,6-silalosides to their desialylated equivalents upon treatment with the pseudosialidase with almost complete removal of α2,6-linked Neu5Ac observed. It is expected that complete α2,6-desialylation can be readily achieved through optimization of reaction conditions (e.g., prolonged incubation, increased enzyme loading etc.) Similarly, near complete conversion of α2,3-silalosides to their desialylated equivalents was achieved using the α2,3-specific NanB. Treatment of fetuin with unspecific sialidase also did not proceed to completion. In order to confirm that desialylation was generally α2,6-specific, IM-MS was performed on selected samples. IM-MS 2 had previously been reported to be capable of easily and rapidly discerning Neu5Ac-α2,3/6-Gal-GlcNAc terminating glycans based on the differing mobilities of the terminal B 3 -product ion (m/z 657) generated by collision-induced dissociation (Hofmann et al. 2014; Hinnenburg et al. 2016 ). First we looked at total glycans without preselection of any particular mass. A clear diminishing of Neu5Ac-α2,6-Gal-GlcNAc signal was observed in the case of fetuin treated with pseudosialidase, while a similar decrease was observed for Neu5Ac-α2,3-Gal-GlcNAc in the sample treated with α2,3-specific NanB. Also selected species of N-glycans showed the same pattern. Comparison of samples containing fetuin and fetuin treated with either pseudosialidase or NanB using predominantly α2,6-Neu5Ac binding SNA I lectin as well as α2,3-Neu5Ac and N-acetyllacoseamine binding MAL I lectin (Cummings et al. 2015) also support the data obtained from the HILIC-UPLC profiles. A clear drop in the intensity of SNA I binding and an increase of MAL I binding upon pseudosialidase treatment. In conclusion we have demonstrated that the heterologously expressed Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase is able to specifically target α2,6-linked Neu5Ac in complex mixture of N-glycans of a native protein leading to removal of the target moiety over α2,3-linkage in high yields. This technology opens new ways to explore the biological significance of α2,6-and α2,3-linked Neu5Ac. For example, it could be exploited in the study of enzyme multivalency with regard to glycan clustering (Wakarchuk et al. 1998; Thobhani et al. 2003; Connaris et al. 2009; Boukerb et al. 2014; Craven et al. 2018) . Hence, this α2,6-pseudosialidase should be a valuable addition to the glycan analysis and remodeling toolbox.
Materials and methods
Sialidase activity assays
Sialidase activity of sialidases was assessed using an equimolar mixture of sialosides 1 and 2 (0.25 mM each) and 7.7 μM of enzyme incubated at 37°C. Salmonella typhinurium LT2 sialidase reaction mixtures contained 50 mM sodium citrate buffer pH 3.5. Reaction mixtures for the two putative sialidases contained 50 mM tris (hydroxymethyl)-aminomethane (Tris) buffer pH 7.5. Reactions were incubated at 37°C and samples taken after 1, 2, 4 and 6 h.
Sialyltransferase activity assay
Sialyltransferase activity was assessed using reaction mixtures containing 50 mM Tris buffer (pH 7.5), 0.25 mM compound 3, 1 mM CMP-Neu5Ac and 20 mM MgCl 2 . Reactions were incubated for 6 h at 37°C.
Pseudosialidase activity assay
Pseudosialidase activity of enzymes was evaluated using an equimolar mixture (0.25 mM each) of sialosides 1 and 2 containing 50 mM Tris buffer (pH 7.5), 4 mM CMP and 20 mM MgCl 2 . Reactions were incubated for 6 h at 37°C. In the case of Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase samples were taken after 1, 2, 4 and 6 h. The pseudosialidase activity of Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase towards sialoside 2 (0.25 mM) was assessed using 50 mM Tris buffer pH 7.5, 4 mM CMP, 20 mM MgCl 2 and 7.7 μM of enzyme in the reaction mixtures which were incubated at 37°C. Samples were taken after 1, 2, 4 and 6 h.
Kinetic measurements
The reaction mixtures for kinetic measurements contained 50 mM Tris buffer pH 7.5, 10 mM CMP, 20 mM MgCl 2 and 1.54 μM of enzyme at different concentrations (8, 6, 4, 2, 1 and 0.5 mM) of sialoside 1. Reactions were incubated for 60 min at 37°C. In none of the reactions did conversion of sialoside 1 to compound 3 exceed 20%. Conversion was in the linear range for both the highest and the lowest concentration based on measurements at 30, 60 and 90 min.
Reverse phase high-performance liquid chromatography (RP HPLC)
Samples containing compounds 1, 2 and/or 3 were analyzed using RP HPLC. Phenomenex C18 (2)column 250×2 mm 5micron with UV detection at 245 nm (Eluents: A -50 mM ammonium formate pH 4.5, B -acetonitrile, flow rate 0.4 mL/min, 0-10 min isocratic 10% B, 10-30 min linear gradient 10-30% B and from 30 to 45 isocratic 10% B).
Pseudosialidase reaction followed by 13 C NMR
To follow pseudosialidase reaction using 13 C labeled sialyllactose with 13 C NMR a 200 μL enzymatic solution containing 6 mM uniformly labeled 13 C-pyruvate, 6 mM N-acetylmannosamine (ManNAc), 6 mM CTP, 100 mM Tris buffer (pH 7.5), 10 mM MgCl2 10 μL (of 17.2 mg/mL) purified Escherichia coli K12 aldolase, 2 μL (of 6.3 mg/mL) Neisseria meningitidis CMP-Neu5Ac synthase, 2.5 U Saccharomyces + trisaccharide B 3 -product ion (m/z 657) (Hinnenburg et al. 2016 ) generated after collision-induced dissociation of all glycans (no m/z selection within the quadrupole) derived from α2,6-disialylated bi-antennary peptido-N-glycan (A), fetuin (B) fetuin after treatment with the α2,6-pseudosialidase (C) and fetuin after treatment with the α2,3-sialidase NanB (D). Shaded in yellow and blue respectively are Gaussian fits associated with the α2,6-sialylated and α2,3-sialylated B 3 -product ion.
cerevisiae pyrophosphatase, was incubated overnight at 37°C to synthesize [1, 2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-CMP-Neu5Ac. Following incubation the enzymes were removed via ultrafiltration. 20 mM of lactose and 2 μL of (3 mg/mL) E. bacterium FGI 57 α2,6-sialyltranferase was added to the filtrate and incubated overnight to yield 13 C labeled α2,6-sialyllactose labeled the C1, C2 and C3 position of the sialic acid. The sialyltransferase was then removed through ultrafiltration. Some of the excess lactose was broken down using a β1,4-galactosidase. Following removal of the β1,4-galactosidase, 25 mM CMP and 25 μL (of 14.6 mg/mL) Photobacterium sp. JT-ISH-224 (total reaction volume increased to 300 μL), was added to the α2,6-sialyllactose mixture and incubated overnight at 37°C. Following incubation the enzyme was removed via ultrafiltration, and the filtrate diluted to 650 μL using D 2 O and placed in an NMR tube. N.B. NMR spectra were obtained separately for each stage of the reaction ( Figure S6 ). The samples were analyzed using a Varian VMS and Bruker Avance II + 500 MHz spectrometer. All 13 C NMR spectra were obtained using 2048 scans, 1.0223616 acquisition time, 254.8 ppm spectral width. The C3 carbon of the Neu5Ac was used as a diagnostic carbon (38-44 ppm) in the NMR to follow the enzymatic reactions. 1 μL aliquots were also taken before and after the pseudosialidase reaction and analyzed using an Agilent 6510 QTOF connected to an Agilent 1200 series LC. Flow injection used was 0.3 mL/min 50% acetonitrile 0.1% formic acid.
Pseudosialidase activity towards egg yolk peptido-Nglycan
The pseudosialidase activity of Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase towards egg yolk protein derived α2,6-disialylated bi-antennary peptido-N-glycan from Ludger was evaluated in reaction mixtures containing 50 mM Tris buffer pH 7.5, 4 mM CMP, 20 mM MgCl 2 , 0.25 mM peptido-N-glycan and 7.7 μM of enzyme which were incubated at 37°C for 4 and 16 h.
Enzymatic treatment of fetal calf fetuin
Reactions containing either Photobacterium sp. JT-ISH-224 α2,6-sialyltransferase or P. damsela (Pda2,sixth) α2,6-sialyltransferase were prepared using 50 mM Tris buffer pH 7.5, 4 mM CMP, 20 mM MgCl 2 , 2 mg/mL fetuin and 7.7 μM of enzyme which were incubated at 37°C for 16 h. Reaction containing Salmonella typhinurium LT2 sialidase (NanH) consisted of 50 mM sodium citrate buffer pH 6, 2 mg/mL fetuin and 7.7 μM of enzyme which was incubated at 37°C for 16 h. Reaction of 25 μL containing S. pneumoniae NanB consisted of 50 mM sodium phosphate buffer pH 6, 2 mg/mL fetuin and 2 μL of commercial enzyme (following the standard protocol provided by Sigma). Samples were incubated at 37°C for 16 h. Untreated fetuin (from Sigma) served as a control.
Glycan release, labeling and analysis
Glycans were released and labeled using Waters' GlycoWorks RapiFluor-MS N-Glycan Kit and analyzed by HILIC using Waters' UPLC instrument. The N-glycans were cleaved from the peptide/ protein using peptide:N-glycosidase F (PNGase F) following detergent-assisted thermal denaturation. Subsequent labeling with the RapiFluor-MS tag and solid phase extraction yielded a purified complex mixture of labeled N-glycans for analysis. 20 μL of the glycan mixture were injected and separated on a ACQUITY UPLC Glycan BEH Amide 130Åcolumn (1.7 μm, 2.1 × 150 mm) using a gradient (50 mM ammonium formate, pH 4.4 and acetonitrile; 25% buffer, 75% acetonitrile to 46% buffer, 54% acetonitrile over 35 min) with a flow rate of 0.4 mL/min at 60°C over 55 min. Retention times were calibrated against dextran ladders to calculate glucose units (GU) values which were compared against the GlycoBase database. Matching species were confirmed by MS.
Traveling wave ion mobility-mass spectrometry (TWIMS-MS) analysis
Samples (approximately 1-10 μM, 45 mM ammonium acetate pH 7, 25% DMF, 53.625% acetonitrile in water) were infused into a Synapt G2-Si HDMS (Waters, UK) by static nanoelectrospray ionization using pulled borosilicate emitters (World Precision Instruments, USA, thin-wall capillary, 4" length, 1.2 mm OD). The capillary, cone voltage and source temperature were typically set to 0.8-1.5 kV, 25 V and 40°C, respectively. No cone gas was used. The trap DC entrance, bias and exit were set to 0, 45 and 3 V. The IM traveling wave speed was set to 1000 m/s and the wave height set at 40 V. Nitrogen drift gas flow was set at 90 mL/min for all experiments. The helium and argon flow were set to 180 and 2 mL/ min, respectively, for the helium and trap cell. The trap voltage was set to 25 V for all collision-induced dissociation data and was otherwise set to 4 V for MS acquisitions. The transfer voltage was set to 2 V throughout. The mass measurements were calibrated using 2 mg/mL NaI calibrant in 50% isopropyl alcohol. Drift times were calibrated to a mix of dextran 1000 (0.1 mg/mL) and 5000 oligomers (0.5 mg/mL) in the presence of 1 mM NaH 2 PO 4 in 50% methanol, whose CCS have been previously verified by drift tube ion mobility spectrometry (DTIMS).
Mass spectra and arrival time distributions (ATDs) were processed using MassLynx V4.1 (Waters, UK) and OriginPro 9.1 (OriginLabs, USA), respectively. ATDs were calibrated and subsequently normalized to their maximum intensity. Gaussian distributions were fitted to these spectra and the center of this fitted peak was taken as the peaks CCS.
Protein gel electrophoresis, western blot and lectin binding
Samples of commercially available fetal calf fetuin and asialofetuin (both from Sigma), fetal calf fetuin treated with pseudosialidase and fetal calf fetuin treated with nonspecific sialidase NanH were subject to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [4 μg load of each in 30 μL wells].
Reference gel was stained with Instant Blue (Expedeon). Two gels were treated for 5 min with Towbin buffer and subject to semi-dry western blot (WB) using polyvinylidene fluoride (PVDF) membranes (BioRad) activated by methanol and presoaked in Towbin buffer. Protein transfer to the membrane took 50 min at 15 V.
Membrane blocking was achieved by 1 h incubation with "ProteinFree (TBS) Blocking Buffer" (Pierce) at room temperature (RT).
Lectin binding buffer consisted of 10 mM sodium phosphate, 150 mM NaCl, 1% (v/v) Tween 20, pH7.8. The final concentration of lectin for fluorescein labeled SNA I (from Sambucus nigra; Vector Laboratories) binding was 7.5 μg/mL (20 mL), while the final concentration of lectin for fluorescein labeled MAL I (from Maackia amurensis; Vector Laboratories) binding was 10 μg/mL (20 mL). After a 1 h incubation of the membranes with the respective lectins at RT images were obtained using Typhoon Trio imaging system (blue laser, fluorescein specific filter, 50 μ pixels).
